Non-canonical four-stranded G-quadruplex (G4) DNA structures can form in G-rich sequences that are widely distributed throughout the genome. The presence of G4 structures can impair DNA replication by hindering the progress of replicative polymerases (Pols), and failure to resolve these structures can lead to genetic instability. In the present study, we combined different approaches to address the question of whether and how Escherichia coli Pol I resolves G4 obstacles during DNA replication and/or repair. We found that E. coli Pol I-catalyzed DNA synthesis could be arrested by G4 structures at low protein concentrations and the degree of inhibition was strongly dependent on the stability of the G4 structures. Interestingly, at high protein concentrations, E. coli Pol I was able to overcome some kinds of G4 obstacles without the involvement of other molecules and could achieve complete replication of G4 DNA. Mechanistic studies suggested that multiple Pol I proteins might be implicated in G4 unfolding, and the disruption of G4 structures requires energy derived from dNTP hydrolysis. The present work not only reveals an unrealized function of E. coli Pol I, but also presents a possible mechanism by which G4 structures can be resolved during DNA replication and/or repair in E. coli.
Introduction
G-quadruplexes (G4s) are non-canonical four-stranded DNA structures stabilized by Hoogesteen base pairs between guanine residues that are widely distributed in the genome [1, 2] . Stable G4 structures have been found to generally cluster in specific regions of the genome, including chromosome ends, DNA replication origins, gene transcriptional regulatory regions, promoters of certain oncogenes and immunoglobulin switch regions [3] [4] [5] [6] . Recently a high-resolution sequencing-based method has identified 716 310 G4 motifs in the human genome, highlighting their in vivo significance [7] . Indeed, landmark studies using an engineered G4-specific antibody and drug have confirmed the existence of G4 structures in living cells [8, 9] . It is generally believed that G4 formation can influence biological processes including DNA replication, translation and telomere integrity maintenance [10] .
The visualization of G4 formation during S-phase suggests that G4 structures will be encountered by DNA polymerases (Pol) during the replication process [8, 9] . It is expected that once folded, G4 may hinder the progress of replicative Pols and it is postulated that specialized helicases such as FancJ [11] [12] [13] , Pif1 [14, 15] , DinG [16, 17] , RecQ [18] , WRN [19] [20] [21] and BLM [21] [22] [23] are required to unfold these obstacles to prevent genetic and epigenetic instability. In recent years, emerging evidence has demonstrated that translesion DNA synthesis (TLS) Pols are implicated in G4 structure processing to promote fork progression. For example, human Rev1 Pol, which participates in DNA repair and damage tolerance, was found to unfold G4 in vitro [24] [25] [26] . Besides, human DNA Pols g and j have been reported to maintain relatively robust activity when copying tetrad-associated guanines [27] [28] [29] [30] . Therefore, it is reasonable to speculate that one specific DNA Pol may either be arrested at G4 obstacles and specialized helicases recruited for maintaining replication, or directly remove these obstacles without additional proteins to allow fork progression.
Recent advances have also confirmed that G4 structures indeed exist in Escherichia coli and may play essential roles in critical cellular processes [31, 32] . To address whether and how E. coli Pols can resolve G4 obstacles, we focused our studies on Pol I for three main reasons. Firstly, while five kinds of E. coli DNA Pols participate in the elongation of DNA strands, namely Pol I-V [33, 34] , Pol I is the most abundant DNA Pol in E. coli: the numbers of Pol I, II, III, IV and V molecules per cell are 400, 50-75, 10-20, 150-200 and 1-15, respectively [34] . Secondly, Pol I widely participates in the maturation of Okazaki fragments during DNA replication [34] , DNA repair [35] , DNA recombination [35] and even TLS processes [36] [37] [38] , in which the transiently occurring G-rich ssDNA has ample opportunity to form G4 structures. Thus, Pol I must meet the G4 challenge during the above-mentioned DNA transaction processes. Finally, while knowledge about how Pols deal with G4 structures has been documented for eukaryote and mammalian cells, the genetic evidence that Pol I and other Pols in E. coli are involved in G4-resolving has not been reported according to our knowledge. Pol I could be cleaved by subtilisin, producing the Klenow fragment (KF), which possesses 5 0 ?3 0 Pol activity and 3 0 ?5 0 exonuclease activity and has become a substitute for Pol I in numerous enzymatic mechanism studies [39] [40] [41] [42] [43] . Furthermore, Pol I/KF shares many similarities in both structural and mechanistic features with a number of other high-fidelity DNA Pols from higher eukaryotes [44] [45] [46] . It is therefore interesting and important to study whether E. coli Pol I/KF has an intrinsic ability to handle G4 structures: will it successfully bypass the G4 DNA or just be inhibited? Does E. coli Pol I/KF share some similar mechanisms with eukaryote Pols to resolve G4 structures?
In this report, we have characterized the interaction between G4 and KF by a combination of singlemolecule fluorescence resonance energy transfer (smFRET), a DNA Pol stop assay and a stopped-flow assay. We found that, while a partial duplex DNA can be fully replicated at low concentrations of KF, the presence of a G4 structure in the template strand will partially or completely block DNA synthesis, depending on the G4 stability. However, at high concentrations of protein and in 100 mM KCl, KF displays the ability to overcome some kinds of G4 obstacles and keeps on synthesizing DNA without the involvement of other proteins. By using a stoppedflow assay, we revealed the molecular mechanism of KF-mediated G4 disruption, which is different from that of human Rev1 Pol. Altogether, these new findings may deepen our understanding about how Pol I handles G4 obstacles during DNA replication and repair in E. coli, and also provide a meaningful reference for methods in future studies of other DNA/ RNA Pols interacting with G4.
Results

Genome-wide prediction of potential G4-forming sequences
We first took advantage of the next generation sequencing (NGS) data of E. coli to analyze whether G4 structures block DNA Pols during genome sequencing. The rationale is that if a DNA Pol is not impeded by a physical obstacle (G4 DNA), the read coverage should be normal; otherwise, the read average should be lower around G4 forming regions. Indeed, as expected, a significant decline of reverse read coverage around G4 was observed from data generated by both Ion Torrent PGM and 454 GS FLX sequencing systems (Fig. 1A , upper and middle panels). Interestingly, this phenomenon is less evident with Illumina HiSeq 2500 data (Fig. 1A, lower panel) , consistent with the fact that the sequences were processed at 60-65°C at which temperature G4 formation may not be facilitated.
We then used a G4 prediction algorithm [31, 32] to identify the frequency of G4 formation and possible conserved G4 structural and/or topological features in the E. coli genome. We scanned 4.6 million base pairs of the E. coli genome, and 52 G4s with three layers of G-tetrads (3-G4s) and 12 739 G4s with two layers of G-tetrads (2-G4s) were identified as previously reported [31, 32] (Table 1 ). In the genome of E. coli, the occurrence frequency of 3-G4 is 0.27&, close to that of Arabidopsis thaliana, but lower than that of Homo sapiens. The occurrence frequency of 2-G4s is 63.47&, close to that of H. sapiens and higher than that of A. thaliana. As for 3-G4 DNA, two classes of highly conserved motifs were identified [32] : dGGGA GAGGGTTAGGGTGAGGG and dGGGAGAGGG CCGGGGTGAGGG (named EcG4-1 and EcG4-2, respectively), which may possess different topological structures and have different biological functions Considering that a guanine vacancy in one of the G-quartet layers (GVBQ) can be filled by a guanine base from GTP or GMP to complete an intact Gquartet [47, 48] , the number of potential G4s was increased from 52 to 356 (Table 2 ), corresponding to a G4 occurrence frequency of 1.96&, higher than that of canonical 3-G4 DNAs. The above analysis and prediction indicate that G4 DNAs exist in the E. coli genome and may be roadblocks for Pols in genome transaction processes.
Single-molecule FRET assay for KF-catalyzed DNA replication
To observe whether and how the Pol-catalyzed progress of DNA replication can be impeded at G4 sites in detail, an smFRET assay was used to characterize the E. coli DNA Pol I (KF)-mediated polymerization with DNA substrates harboring G4 (G4s 6 d 17 ) or no G4 (s 27 d 17 ). Both DNA substrates ( Fig. 1B and Table S1 ) were labeled at the 5 0 end of the ssDNA overhang with Cy3 and at the fifth nucleotide from the 3 0 end in the 17-nt stem strand with Cy5. The DNA was surface-immobilized using a biotin-streptavidin bridge onto a polyethylene glycol passivated microscope coverslip as described in 'Materials and methods'. It was expected that after DNA replication, the distance between Cy3 and Cy5 would increase as the highly flexible ssDNA was converted to a rigid dsDNA, leading to a lower FRET value. Before performing the experiments with the G4 forming substrate (G4s 6 d 17 ), we first determined the optimum polymerization conditions of KF with the substrate harboring no G4 (s 27 d 17 ). Upon addition of 5 nM KF but without dNTPs, we observed typical single-molecule protein-induced fluorescence enhancement (smPIFE) as previously reported [41] . In the presence of 5 nM KF and 100 lM dNTPs, however, Cy5 intensity gradually decreased accompanied by an anti-correlating increase in Cy3 intensity (Fig. 1C) , reflecting the occurring of DNA polymerization. During the final step, Cy3 intensity abruptly increased, possibly due to smPIFE caused by the approaching of KF to the 5 0 end of ssDNA where Cy3 was labeled. After complete DNA replication, both Cy3 and Cy5 intensities dropped to stable values with smFRET efficiency (E FRET )~0.13. The time from the initial KF association to complete replication was determined manually for each trace and a Gaussian fitting of the time distribution generates a peak at 17.7 s (Fig. 1D) , indicating that the nucleotide incorporation rate is about 0.86 bpÁs À1 , a value comparable to previous report [44] .
G4 impedes DNA replication under smFRET experimental conditions
It is well known that the potassium ion stabilizes guanine-quartet assembly [2] . Prior to performing an smFRET assay with G4-forming DNA (G4s 6 d 17 ), we characterized the stability of 3-G4 at increasing concentrations of KCl by CD spectroscopy, as previously reported [49] . We found that the amplitude of the peak at~295 nm, which is one of the characteristics of 3-G4 formation in KCl [2] , increased as KCl concentration was increasing ( Fig. 2A ), indicating that G4 conformation was stabilized at high potassium ion concentrations. We then recorded a series of fluorescence emission trajectories at different KCl concentrations (0-100 mM) with both substrates (G4s 6 d 17 and s 27 d 17 ). In the absence of KF, FRET histograms of G4s 6 d 17 compiled from~300 individual traces recorded at different KCl concentrations show two major peaks centered at high FRET efficiencies (~0.81 and~0.96; Fig. 2B ), which correspond, respectively, to the parallel and anti-parallel G4 DNAs as observed previously [50, 51] , indicating that G4 structures were well formed. In the presence of 5 nM KF and 100 lM dNTPs, the individual smFRET traces at all KCl concentrations firstly displayed a decrease to smFRET values of~0.6 or~0.4 ( Fig. 2C, left panel) . With the KCl concentration in the range between 0 and 10 mM, the smFRET value generally continued to decrease to~0.13 with two to three transitory pauses. However, no further decrease of smFRET from 0.4 to 0.13 was observed when the KCl concentration was above 50 mM. The same experiments were performed in parallel with substrate containing no G4 (s 27 d 17 ). In this case, peaks of all the FRET histograms were centered at~0.13 ( Fig. 2D ), indicating that KF could efficiently catalyze Table 2 . G3 tracts in the Escherichia coli genome. The general patterns used for scanning G triplex (G3) or GVBQ forming sequences are described in 'Materials and methods'. Frequency is the number of bases contributing to potential G3 motifs per kilobase of sequence.
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Number of G3 the complete polymerization at all the KCl concentrations from 0 to 100 mM. Statistic analysis of the FRET histograms ( Fig. 2C , right panel) constructed from the individual smFRET trajectories revealed that while the populations gradually shifted from peaks P2 (at~0.4) and P3 (at~0.6) to P1 (at~0.13) as the KCl concentration was decreased from 10 to 0 mM, P2 and P3 remain when the KCl concentrations were above 50 mM. To understand and interpret the observed results, we constructed a molecular caliper by hybridizing the template DNA with different lengths of primers to mimic the different transitional elongated primers characterized by different smFRET values (Fig. 2E,F) . By means of the molecular caliper, we analyzed the above data and summarized the features of the KFcatalyzed DNA polymerization with G4s 6 d 17 as follows. (a) In the absence of KCl, the smFRET value of G4s 6 d 17 DNA alone was about 0.81 (Fig. 2B ), corresponding to tumbling or partially folded ssDNA. The smFRET value of 0.13 corresponded to a complete replication of the substrate DNA (Fig. 2C , right panel). (b) As the KCl concentration was increased from 1 to 100 mM KCl, the DNA substrate alone systematically displayed two high smFRET values (~0.81 and~0.96; Fig. 2B ), which corresponded to the DNA substrate containing parallel and anti-parallel G4 structures, respectively. Upon addition of dNTPs, the disappearance of the two high smFRET values was accompanied by the appearance of new FRET values at~0.4 and~0.6 (Fig. 2C) . According to the molecular caliper, the DNA molecules with FRET values of 0.4 and~0.6 should be the polymerization products stopped before the first G tract (six A bases were incorporated), which assume parallel and anti-parallel G4 configurations, respectively. (c) Furthermore, the The low-FRET peak P1 at~0.13 corresponds to the completely replicated duplex DNA; the medium-FRET peak P2 at~0.40 and the high-FRET peak P3 at~0.60 should correspond to the polymerization products stopped before the first G tract (six A bases were incorporated); and the medium peak P4 at~0.25 should correspond to the polymerization products stopped before the second G tract (six A bases and the first G tract were incorporated).
smFRET peak at~0.13 was present with the KCl concentration ranging from 0 to10 mM, but absent when the KCl concentration was above 50 mM (Fig. 2C, right panel) , which suggests that KF is capable of disrupting the G4 structures and completely replicating the DNA at low KCl concentrations, but unable to complete the DNA replication above 50 mM KCl due to the formation of stable G4 structures.
To further confirm the above interpretations, we performed KF-catalyzed replication of G4s 6 d 17 with the selective addition of dATP, which just allows replication of the six T bases, or with the selective addition of dATP + dCTP, which allows replication of the first G tract (3-G bases), in addition to the six T bases added to the primer, if the G4 structure is not stable. As expected, the addition of dATP resulted in two smFRET peaks at~0.4 and~0.6 (Fig. 2G , left panel), in accordance with the caliper values (DNA G 4 d 23 ). In the presence of dATP + dCTP, three smFRET peaks were observed at 1 mM KCl: P3 at 0.6, P2 at~0.4 and P4 at~0.25 ( Fig. 2G , right upper panel); at 50 mM KCl, however, only P3 and P2 appeared (Fig. 2G, right lower panel) . This indicates that KF can disrupt unstable G4 (at 1 mM KCl) and prolong the primer elongation until the first G tract, but is completely impeded by stable G4 (at 50 mM KCl). The relationship between G4 stability and KF replication activity was further investigated with a DNA substrate containing four layers of G-tetrads (4-G4s 6 d 17 ) at different KCl concentrations; the Pol was unable to replicate this DNA when the KCl concentration was above 1 mM (Fig. 3A) . Taken together, these observations indicate that G4 is really a physical obstacle to KF-mediated DNA replication and KF cannot disrupt stable G4 to replicate DNA template at low protein concentrations.
G3 derivatives can be disrupted by KF
As the above E. coli genome scanning (Table 2) suggested that there are other alternative G4 conformations such as G triplex (G3) [52, 53] , we next examined the behavior of KF towards three-layered G3 (3-G3) and four-layered G3 (4-G3). Both CD (data not show) and smFRET analyses have shown that 3-G3 in the template folds well to the expected conformation (E FRET~0 .87; Fig. 3B, upper panel) , and 4-G3 also folds well but has two conformations characterized by E FRET of~0.93 and~0.76, with KCl concentration ranging from 0 to 100 mM (Fig. 3C, upper panel) . Upon addition of 5 nM KF and 100 lM dNTPs, the 3-G3 substrate can be mostly replicated even at the highest KCl concentration (100 mM), as indicated by the shift of smFRET values from~0.87 to~0.17 (Fig. 3B, lower panel) . Interestingly, upon addition of KF and dNTPs, the peaks~0.93 and~0.76 of 4-G3 substrate just shifted to~0.53 with KCl concentrations of 10-100 mM, and only a small fraction of the peaks further shifted to 0.27 or 0.12 with KCl concentrations of 0 and 1 mM (Fig. 3C, lower panel) , indicating that KF was impeded by 4-G3 even at low KCl concentrations.
High concentration of KF facilitates replication of G4-containing templates
According to the literatures, the volume of an E. coli cell ranges from 0.5 to 3 lm 3 and an E. coli cell contains about 400 Pol I molecules [54, 55] , so the physiological concentration of Pol I in E. coli is between 0.22 and 1.33 lM. We therefore studied DNA replication with G4-containing templates ( Fig. 4A and Table S1 ) at high KF concentrations (25-1000 nM). Due to the fact that the single-molecule assay is not appropriate with such high protein concentrations for data recording and interpretation, the DNA Pol stop assay was used to monitor the primer elongation. The ability and property of KF-mediated G4 disruption during the primer elongation were assessed by three kinds of templates bearing different G4/G3 structures with different thermostabilities due to the number of tetrads and/or lateral loop sequences: seven G4s, two G3s and four GVBQs (named as 2333G4, 3233G4, 3323G4, 3332G4, respectively; Table S1 ). By monitoring the elongation of the fluorescently labeled primer (Fig. 4A) , we found that KF was able to overcome the thrombin binding aptamer (TBA) 2-G4, 3-G4, EcG4-1 and EcG4-2 encumbrances as the protein concentration was increased from 0 to 1 lM in 100 mM KCl (Fig. 4B) , although there were some differences in G4 replication efficiencies and amplitudes among the substrates (Fig. 4D) . However, under the same experimental conditions, KF just completed replication of six T bases and was unable to completely or even partially replicate the templates bearing G4 structures [CEB 3-G4 (subtelomeric minisatellite CEB25 mutation sequence in Saccharomyces cerevisiae), insulin-linked polymorphic region (ILPR) 4-G4 and 4-G4] that are characterized by higher thermostabilities [3] (Fig. 4B,C) . Similarly, the replication efficiencies and amplitudes of the templates bearing 3-G3 and GVBQ (such as 2333G4) were higher than that of the 4-G3 substrate, which is more stable than 3-G3 (Fig. 4C) . Taken together (Fig. 4D,  E) , these results indicated that at higher protein concentrations, KF could achieve complete replication along some kinds of G4-containing templates (TBA 2-G4, 3-G4, EcG4-1, 3-G3 and GVBQs) in 100 mM KCl. However, the ability of disrupting G4 structures is limited to two-and three-layered G4s depending on their thermostabilities.
Mechanism for polymerase-mediated G4 disruption
A previous study by stopped-flow assay has shown that human Rev1 Pol disrupts G4 DNA upon DNA binding without dNTPs [25] . We conjecture that there are two possibilities for KF to overcome the G4 structure for full DNA replication without the assistance of other proteins: (a) KF binding resulting in the G4 structure unfolding as with human Rev1 Pol [25] ; (b) alternatively, KF binding alone to G4 may not be enough to unfold G4, and the disruption of G4 needs the energy derived from dNTP hydrolysis. To confirm our conjecture, substrate G4s 5 d 18 (Fig. 5A ) with a carboxyfluorescein (FAM fluorophore) labeled at the 5 0 -terminus and a dabcyl (Dab) quencher labeled at the 3 0 -terminus was used to monitor the replication kinetics by stopped-flow assay, as previously reported [25] . The fluorescence signal of FAM will increase if the G4 DNA structure is disrupted, allowing the primer polymerization.
Upon addition of 100 or 500 nM KF, the variation of the normalized fluorescence signal (F/F 0 ) was very low (Fig. 5B) , indicating that the G4 structure could not be unfolded just by Pol addition, which is different from the case of human Pol Rev1. In contrast, in the presence of 10 lM dNTPs, the signal (F/F 0 ) increased significantly as KF concentration was increased from 10 to 500 nM, indicating that the G4 structure was disrupted during DNA polymerization by the energy derived from dNTP hydrolysis. We also noticed that the polymerization processes displayed two phases, a fast one (0-4 s) and a slow one (4-100 s), which were linked by a transient pause. Their rates are given in Fig. 5C . The two phases can be attributed to a rapid elongation of the first five bases stopped at the first G-tract, and then the replication of the unfolded G4 sequence, respectively.
To confirm the above interpretations, KF-mediated polymerization was processed with a modified dNTP pool, which allows replicating of just the first five bases, but not the following G4 sequence due to the omission of dTTP (Fig. 5D ). As expected, the replication rate and amplitude of the fast phase overlapped with that of the control (with full dNTP pool). Interestingly, KF might not remain at the replicated junction; rather, it gradually dissociated from the DNA, forming a sharp contrast with the control where the polymerization processed to the second phase. Therefore, these results confirmed that KF rapidly elongated the first five bases and, after a transient pause, then the rest of the DNA template bearing G4 structure by its translocation activity.
The nature of the pause remains to be clarified. This may correspond to the time in which the KF conformation was adjusted and/or the KF subunits were assembled into higher oligomers [56] to efficiently disrupt and replicate the G4-bearing sequence. The fact that the templates bearing G4 could only be replicated upon dNTP addition indicates that KF disrupts G4 obstacles by means of its Pol translocation activity using the energy derived from dNTP hydrolysis, which is different from human Rev1 Pol.
Discussion
During replication, DNA synthesis along the leading strand is continuous in the 5 0 -3 0 direction while discontinuous along the lagging strand with the formation of Okazaki fragments [57] . The specific Grich regions in the leading strand may slow down the replicative DNA Pols and cause partial uncoupling of the replicative helicases and Pols, because of the production of G-rich ssDNA, which may fold into G4 structures [58, 59] . Meanwhile, the temporarily exposed ssDNA during the lagging strand replication can also form G4 structures [5] . These resulting G4s may then act as structural impediments to the replicative DNA Pols. In accordance with yeast genetic studies, a variety of DNA Pols including Taq DNA Pol isolated from Thermus aquaticus, Hot Tub TM from Thermus flaws, Pfu Pol from Pyrococcus furiosus, and SequiTherm TM DNA Pol from an undisclosed archae were all discovered to be blocked by G4s during DNA replications [58, 60] .
In this work, we have demonstrated that DNA synthesis by low-concentration KF from E. coli DNA Pol I can also be arrested in the presence of G4 obstacles. Moreover, the degree of impedance significantly depends on the stability of a specific G4 structure. It has been reported that the intracellular concentration of K + is 30-300 mM in E. coli [61] , depending on its extracellular environment. So in cell environments with low concentrations of K + (< 50 mM), DNA Pol I may completely or partially bypass G4 DNA. However, with high concentrations of K + (more than 50 mM), DNA Pol I alone may be totally blocked at first. In addition, four-layered G4 inhibits DNA Pol I even at 1 mM KCl, highlighting the notable effect of G4 stability. We also discovered that the structure G3, a G4 folding intermediate that may exist in genome with unknown biological function [52, 53] , also impedes the bypass of DNA Pol I, but in a much milder way. All these findings suggest that G4 is an obstacle to DNA Pol I, just as for the various DNA Pols listed above, and some specific pathways should be required to resolve this problem in E. coli cells.
Many in vitro and in vivo studies have shown that specialized helicases play essential roles in eliminating of Pol binding (without dNTPs) has little change compared with DNA only, indicating that G4 structure cannot be unfolded just by Pol addition. In the presence of dNTPs, the signal (F/F 0 ) increases significantly as the KF concentration is increased from 10 to 500 nM, indicating that the G4 structure was disrupted during DNA polymerization by the energy derived from dNTP hydrolysis. The polymerization process displays two phases linked by a transient pause. Each phase is fitted to a two-exponential function as described in 'Materials and methods'. The signal of the first phase increasing with a fast rate (k 1 ) corresponds to replication of the 5-nt ssDNA linker, and the signal of the second phase increasing with a slow rate ( G4 obstacles and allowing DNA replication to continue, such as DinG [16, 17] , RecQ [18] , BLM [21] [22] [23] , WRN [19] [20] [21] , FancJ [11] [12] [13] and Pif1 [14, 15] . However, emerging evidences indicate that TLS DNA Pols may play key roles on the replication stalling sites caused by G4 structures. For example, pol g is able to replicate through G4 obstacles with high efficiency by interacting with incoming DNA with the back of its little finger and opening DNA secondary structures [27] [28] [29] [30] . Rev1 was also shown to bind preferentially to G4 structures and disrupt G4 formation in the absence of dNTPs [24] [25] [26] . In this report, we have demonstrated for the first time that the Klenow fragment from DNA Pol I in E. coli also possesses the ability to disrupt some kinds of weak G4 structures with sufficiently high protein concentrations or low concentrations of potassium, allowing replication through some G4 obstacles. In addition, KF also exhibits some novel aspects we would like to note here. Firstly, at low protein concentrations, KF is significantly inhibited by stable G4 structures as we discussed above, and only at high concentrations can KF overcome some kinds of weak G4 barriers. These findings raise the possibility that once DNA replication is stalled by G4 in E. coli, a large number of Pol I may be recruited to the pause site and rescue the replication without the help of other kinds of proteins (Fig. 5E) . Secondly, the stability of G4 significantly influences its successful bypass by KF: although three-layered G4 and EcG4-1 can be fully replicated, we have discovered four-layered G3 and EcG4-2 cannot be disrupted completely. Therefore, E. coli cells must evolve other additional mechanisms to process the replication through those highly stable G4 structures. In this regard, it is logical to raise the question whether the G4-resolving activity of an isolated Pol I could be greatly improved by a combination with other E. coli replication components (Pol II, Pol III, Pol IV, Pol V or SSB). Furthermore, in a future study, it will be interesting to probe whether Pols could cooperate with some kinds of G4-related specialized proteins to resolve more stable G4 structures in vitro and in vivo (Fig. 5E) , such as E. coli helicase RecQ [18] and DinG [16, 17] , both of which possess G4-DNA unfolding activity, and E. coli MutS [62, 63] , which is involved in heteroduplex repair activation and has binding activity specific to G4 DNA. Importantly, we have revealed in this work a new mechanism for Pol-mediated G4 structure disruption that is different from the previously reported Rev1-mediated G4 unfolding. Three possible scenarios may be envisioned to understand how KF resolves G4 structures without the assistance of additional proteins. (a) Inspired by human Rev1 Pol, human RPA-and the ATP-independent G4 unfolding with high concentrations of BLM [64] , it is reasonable to speculate that, at high protein concentrations, binding of KF to ssDNA in the vicinity of G4 structure may lead to G4 destabilization and unfolding in the absence of dNTPs. (b) Monomeric KF may oligomerize on the DNA primer/ template, most likely as a dimer that has been reported by Beiley et al. [56] , although higher order oligomers cannot be excluded. Then the oligomeric KF is responsible for resolving the G4 structure similar to specialized G4 helicases. (c) KF uses Pol translocation activity to disrupt the G4 structure. The stopped-flow assay shown in Fig. 5 demonstrated that triggering KF translocation activity by dNTP addition is absolutely required for G4 unfolding, supporting that KF may combine the last two mechanisms to unfold and replicate the G4 structure, which is different from the human Rev1 Pol.
Finally, under the same experimental conditions, results for the full-length Pol I (Fig. S1 ), obtained from experiments also using smFRET, DNA Pol stop assay and stopped-flow assay as in the present work, are essentially identical with that of KF, so the abovesummarized KF-mediated G4-resolving properties and mechanisms should also reflect the intrinsic properties of the full-length Pol I. In addition, the combination of the three key assays used in this work may also be applied as powerful methods to characterize the interactions between other DNA Pols and G4 structures to provide more detailed mechanistic information.
Materials and methods
Buffers
The KF and Pol I reaction buffer contained 10 mM ; Sigma-Aldrich) and 1 mM Trolox (Sigma-Aldrich) were added to the reaction buffer [65] .
DNA constructs
All oligonucleotides required to make the DNA substrates were purchased from Sangon Biotech (Shanghai, China). Sequences and labeling positions of all the oligonucleotides are listed in Table S1 . For DNA constructs used in singlemolecule measurements, DNA was annealed with a 1 : 3 mixture of the stem and ssDNA or G4 strand by incubating the mixture at 95°C for 5 min, then slowly cooling to room temperature in about 7 h. The strand without biotin was used in excess to reduce the possibility of having a non-annealed strand anchored at the coverslip surface. The concentration of stem strand was 2.5 lM and all annealing was carried out in annealing buffer containing 100 mM KCl, 50 mM Tris/HCl, pH 7.5. For the DNA construct used in DNA Pol stop assay, DNA was annealed with a 1 : 1 mixture of the FAM-labeled primer strand and the G4 template strand. For the DNA construct used in the stopped-flow assay, DNA was annealed with a 1 : 1 mixture of the FAM-labeled G4 strand and the primer strand.
Klenow fragment and polymerase I purification
The protein expression and purification were carried out as described previously [66] . Pol I and Klenow fragment were severally expressed in the E. coli strain BL21 (DE3) containing a pET15b vector with a 69 His tag fused at its N terminus and purified by FPLC with sequential chromatography on Ni-NTA (GE Healthcare, Chicago, IL, USA) and Superdex200 10/300 GL column (GE Healthcare). The final purified Pol I and Klenow fragment were > 95% pure as determined by SDS/PAGE and were stored at À80°C.
Genome-wide prediction of G4 DNA NGS data for E. coli substr. MG1655 generated by different sequencing platforms (Ion Torrent PGM: SRR2191572, SRX1167076; 454 GS FLX: SRX000348, SRX022096; Illumina HiSeq 2500: ERX982392, ERX982388) were downloaded from the NCBI SRA database. For raw data preprocessing and clean read mapping to reference genome (NC_000913), the CLC Genomics Workbench 6.5 (Qiagen, Hilden, Germany) was applied. SAMTOOLS, PYSAMSTATS and some PYTHON scripts were used to calculate and plot the read coverage of each site of the G4 DNAs and the flanking regions. Identification of putative G4s was performed by using QUADPARSER software [67] as described previously [31, 32] . The reference genomes of E. coli (K12 MG1655), A. thaliana (assembly TAIR10) and H. sapiens (assembly GRCh38.p10) were downloaded from the NCBI genome database. The general pattern used for scanning three layers of G-tetrads is G 3 N 1-7 G 3 N 1-7 G 3 N 1-7 G 3 , where G refers to guanine and N refers to any nucleotide. Similarly, the general patterns used for scanning two layers of G-tetrads, three-layered G3 and four-layered G3 are G 2 N 1-5 G 2 N 1- G 3 N 1-7 G 3 N 1-7 G 3 and G 4 N 1-7 G 4 N 1-7 G 4 , respectively. And the general patterns used for scanning GVBQs are G 2 N 1-7 G 3 N 1-7 G 3 N 1-7 G 3 , G 3 N 1-7 G 2 N 1-7 G 3 N 1-7 G 3 , G 3 N 1-7 G 3 N 1-7 G 2 N 1-7 G 3 and G 3 N 1-7 G 3 N 1-7 G 3 N 1-7 G 2 (the overlapping sequences of GVBQs were excluded).
Single-molecule fluorescence data acquisition
The single-molecule FRET study was carried out with a home-built objective-type total-internal-reflection microscopy [65] . Cy3 was excited by a 532 nm Sapphire laser (Coherent, Santa Clara, CA, USA). An oil immersion objective (1009, NA1.49) was used to generate an evanescent field of illumination. Fluorescence signals from Cy3 and Cy5 were split by a dichroic mirror, and finally collected by an electron-multiplying charge-coupled device camera (iXON; Andor Technology, South Windsor, CT, USA). Fluorescence imaging processes were controlled and recorded by MetaMorph (Molecular Device, Sunnyvale, CA, USA). The coverslips (Fisher Scientific, Pittsburgh, PA, USA) and slides were cleaned thoroughly by a mixture of sulfuric acid and hydrogen peroxide, and acetone and sodium ethoxide, and then the surfaces of coverslips were coated with a mixture of 99% methoxypoly(ethylene glycol) (m-poly(ethylene glycol)-5000, Laysan Bio, Inc., Arab, AL, USA) and 1% biotin/poly(ethylene glycol) (biotin-poly (ethylene glycol)-5000; Laysan Bio, Inc.). Streptavidin (10 lgÁmL À1 ) in buffer containing 50 mM Tris/HCl, pH 7.5
and different concentrations of KCl were added to the microfluidic chamber made of the poly(ethylene glycol) -coated coverslip and a slide, and incubated for 10 min. After washing, 100 pM DNA was added to the chamber and allowed to be immobilized for 10 min. Then free DNA was removed by washing with the reaction buffer. After that, the chamber was filled with the reaction buffer with an oxygen scavenging system (0.8% D-glucose, 1 mgÁmL À1 glucose oxidase, 0.4 mgÁmL À1 catalase and 1 mM Trolox).
To obtain the real-time Pol replication traces, imaging was initiated before KF and dNTPs were flowed into the chamber. To construct FRET histograms after complete DNA replication, videos were taken 10 min after the KF and dNTP addition; 5 nM KF and 100 lM dNTPs were used unless otherwise specified. We used an exposure time of 100 ms for all single-molecule measurements at a constant temperature of 22°C.
FRET data analyses
The FRET efficiency was calculated using I A /(I D + I A ), where I D and I A represent the intensity of donor and acceptor, respectively. A FRET value above 1 is due to background subtraction from very low intensity in the donor channel, giving rise to negative donor intensity. Basic data analysis was carried out by scripts written in MATLAB (The MathWorks Inc., Natick, MA, USA), and all data fitting were generated by ORIGIN 8.0 (OriginLab Corp., Northampton, MA, USA). FRET histograms were fitted by multipeak Gaussian distributions with the peak positions unstrained.
CD spectropolarimetry
CD experiments were performed with a Bio-Logic MOS450/AF-CD optical system (BioLogic Science Instruments, Seyssinet-Pariset, France) equipped with a temperature-controlled cell holder, using a quartz cell with 1 mm path length; 2.5 lM solution of G4 or G3 DNA were prepared in different buffers. CD spectra were recorded in the UV (220-320 nm) regions in 0.75 nm increments with an averaging time of 2 s at 25°C.
DNA polymerase stop assay
Protein was incubated with FAM-labeled DNA template in a standard reaction mixture at 25°C. As for the GVBQ (2333G4, 3233G4, 3323G4, 3332G4) templates, before replication the DNA was incorporated with 10 mM GTP at 4°C for more than 1 h. The reactions were stopped with 29 loading buffer (8 M urea, 0.05% xylene cyanole) and then heated for 20 min at 98°C. These samples were subjected to 15% polyacrylamide/8 M urea gel electrophoresis, and the denatured products were visualized by a gel imaging analysis system (GeI Doc-It310, UVP, Upland, CA, USA). Quantification analysis was made by Gel-Pro analyzer.
Stopped-flow fluorescence measurements
The stopped-flow assay [68] was carried out using a BioLogic SFM-400 mixer with a 1.5 mm 9 1.5 mm cell (FC-15; BioLogic Science Instruments) maintained at 25°C by a circulating water bath, and the Bio-Logic MOS450/AF-CD optical system equipped with a 150 W mercury-xenon lamp. FAM was excited at 492 nm (2 nm slit width), and its emission was monitored at 525 nm using a high pass filter with 20 nm bandwidth (D525/20; Chroma Technology Co., Bellows Falls, VT, USA). All experiments were performed in 10 mM MgCl 2 , 1 mM DTT, 0.1 mgÁmL À1 BSA and 100 mM KCl in 50 mM Tris/HCl, pH 7.5. For the polymerization process, Pol with 50 nM DNA was pre-incubated at 25°C in one syringe for 5 min while 10 lM dNTPs were in another syringe. For the Pol binding process, Pol was pre-incubated at 25°C in one syringe for 5 min while DNA was in another syringe. The reaction was initiated by rapid mixing. All kinetic traces used were an average of 10 individual traces. Where, applicable, the fluorescence time courses were fit to a double exponential function using ORIGIN 8.0 software according to:
where A 1 and A 2 represent the amplitudes, k 1 and k 2 the rate constants, and y 0 the starting point on the y axis. 
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Fig. S1 . Full-length Pol I-mediated G4 replication. Table S1 . Sequences of substrates used in the experiments (5 0 -3 0 ).
